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Abstract: The brown planthopper (BPH), Nilaparvata lugens, is a destructive insect pest of rice 
throughout Asia. Different from brown-eye color wild type, BPH also has red-eye color mutation 
phenotype. As a visible genetic marker, the red-eye mutant in BPH is a valuable material. To reveal the 
eye color mutation mechanism, a karmoisin homologue gene (named as Nlka) was cloned from BPH. And 
karmoisin is always deemd as a xanthommatin-related gene in other insects, encoding phenoxazinone 
synthetase (PHS). Nlka is consisted of 7 exons and encodes a protein with 502 amino acids (NlKA). NlKA 
showed high amino acid identities with its insect homologues (48.8%–51.8%). Nlka transcripts can be 
detected at all the developmental stages and in all tissues tested, including egg, nymph, adult, body wall, 
ovary, fat body, midgut and Malpighian tubule. However, no constant In/Del or non-synonymous mutation 
was observed between the mutant and the wild type strains. Quantitative real-time PCR experiment also 
showed that Nlka transcript level had no significant differences between them. These results indicated 
that Nlka is not the target gene causing the red-eye color mutation phenotype of BPH. Through the 
second structure and motif analysis, the present study also showed that all the proteins deduced from the 
karmoisin genes in insects may be members of monocarboxylate transporters (MCTs) rather than PHSs. 
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Compound eye color is an important biological 
characteristic of insects, which is largely determined 
by the nature of pigments (Ichiki et al, 2007). 
Xanthommatin (brown pigment) and pteridine (red 
pigment) are two key eye pigments. In Dipterans, eye 
color is determined by the presence of xanthommatin 
and pteridine (Beard et al, 1995; Challoner and Gooding, 
1997; Ooi et al, 1997). However, the level and redox 
status of xanthommatin are the only biochemical basis 
of eye color in Culex pipiens (Rasgon and Scott, 2004), 
Bombyx mori (Kômoto et al, 2009) and Tribolium 
castaneum (Lorenzen et al, 2002). Compared with 
pteridine, the xanthommatin biosynthesis pathway is 
relatively well understood. It is started with the 
oxidation of tryptophan to N-formyl-L-kynurenine by 
tryptophan 2,3-dioxygenase, followed by the hydrolysis 
of N-formyl-L-kynurenine to kynurenine by kynurenine 
formamidase. Kynurenine is hydroxylated to 
3-hydroxykynurenine by kynurenine 3-monooxygenase. 
Then 3-hydroxykynurenine is transformed to 
xanthommatin by enzymatic or non-enzymatic reaction 
(Rasgon and Scott, 2004; Han et al, 2012).  
karmoisin is a xanthommatin-related gene (Lloyd 
et al, 1998; Grubbs et al, 2015). Lloyd et al (1998) 
have deemed that karmoisin encodes phenoxazinone 
synthetase (PHS), which catalyzes the reaction of 
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3-hydroxykynurenine to xanthommatin.  
The brown planthopper (BPH), Nilaparvata lugens 
(Stål) (Hemiptera: Delphacidae), is a notorious rice 
phloem sap-sucker and plant virus vector in East 
Asian countries. It causes huge economic loss to rice 
production by direct feeding and virus transmission 
during its long-distance migration (Cheng, 2009). In 
2009, a red-eye BPH mutant colony was established in 
our laboratory. Our previous research indicated that 
this mutant has dramatically declined xanthommatin 
content, which is only 36.3% of those in normal ones 
(Liu et al, 2014). This preliminary study of mutation 
mechanism reports the cloning of a karmoisin homologue 
gene (Nlka) from BPH, as well as the comparative 
analysis of its sequence variation and expression level 
between mutant and wild type strains. In addition, its 
expression characteristics in different developmental 
stages and various tissues were also studied. The 
present study will contribute to the revealing of eye 
color mutation mechanism of this insect pest. 
MATERIALS AND METHODS 
Insects and tissues 
BPH were collected from the wild type brown-eye 
colony (NIL-BB) and the red-eye mutant colony 
(NIL-rr), which are near-isogenic lines (NILs) (Liu et al, 
2015). They were reared in light growth chamber 
under the conditions of 27 ºC ± 1 ºC, 80% ± 10% 
relative humidity and a photoperiod of 16 h light and 
8 h dark. To obtain synchronized insects, newly 
hatched nymphs were collected every 24 h and placed 
into glasses containing fresh rice seedlings, which 
were fixed and moisturized by 1% water agar. The 
developmental stages were synchronized at each larval 
molt. The 1st, 3rd, 5th instar nymphs, newly emerged 
females and males were collected and frozen in liquid 
nitrogen for RNA extraction. 
Body wall, ovary, midgut, Malpighian tubule, head, 
thorax and abdomen were dissected from female 
individuals, and fat body was from the 5th instar 
larvae which were all with brown eyes. They were 
dissected in cold phosphate buffer solution (1×, pH 
7.0), and immediately frozen in liquid nitrogen for 
RNA extraction. 
Total RNA isolation and reverse transcription 
Total RNA was extracted using Trizol kit (Life, UK). 
First-strand cDNA for reverse transcription polymerase 
chain reaction (RT-PCR) was synthesized from 2 ȝg of 
total RNA using the reverse transcriptase (M-MLV) 
and oligo dT18 (Promega, USA). The cDNA for rapid 
amplification of cDNA ends (RACE) was synthesized 
according to the Smart Race kit protocol (Clontech, 
Mountain View, CA). The cDNA for quantitative 
real-time PCR (qRT-PCR) was synthesized from 1 ȝg 
DNA Eraser (perfect real time) (TaKaRa, China) 
treated total RNA using the Primescript™ RT reagent 
kit in accordance with the manufacturer’s instructions. 
Gene cloning and sequence variation detection 
Nlka was identified using bioinformatics and RT-PCR. 
A karmoisin-like unigene was found from N. lugens 
transcriptome database. This unigene was firstly 
verified using primer pairs (Table 1). Full-length 
cDNA was obtained with gene specific primers (Table 
1) and SMARTer™ RACE cDNA Amplification kit 
(Clontech, Mountain View, CA) following the 
manufacturer’s instructions. RT-PCR conditions, 
cloning and sequencing methods agree with that of 
Liu et al (2010). After large-scale cloning and 
sequencing (10 clones from two independent cDNA 
batches), a comparison of the full-length Nlka cDNA 
from NIL-BB and NIL-rr strains was performed on the 
acquired data for detecting sequence variations. 
In addition, a BLASTn search of the N. lugens 
genome database (GenBank number: AOSB00000000) 
using the full-length Nlka cDNA (including the 
5ƍ-untranslated region and 3ƍ-untranslated region) 
revealed its alternative splicing forms. 
Quantitative real-time PCR (qRT-PCR) 
qRT-PCR reactions were performed on an ABI 9600 
real-time PCR system (Applied Biosystems, USA) 
using Power SYBR® Green PCR Master Mix (Applied 
Biosystems, UK) and gene specific primers (Table 1). 
ȕ-actin (GenBank number: EU179846) was used as an 
internal control. PCR was performed in 20 ȝL reaction 
Table 1. Oligonucleotide primers used for reverse transcription
polymerase chain reaction (RT-PCR), rapid amplification of
cDNA ends (RACE) and quantitative real-time PCR
(qRT-PCR). 
Primer Sequence (5ƍ–3ƍ) Description
ka-F1 ATGTCGGAAACCGAGAAAGTGC RT-PCR 
ka-R1 GAACAAACAGAGGCAGGGATGC  
ka-F2 GTCCGATTGCGTTCGACTTGTG 3ƍ-RACE 
ka-R2 CTCCGCTGCAACTCCACATAGACC 5ƍ-RACE 
ka-F3 GGTCCGATTGCGTTCGACTTGTG qRT-PCR 
ka-R3 TGGATGAGTTGCGAGGTGGCTGT  
ȕ-actin F ACGCCATCCTCCGTCTGGACTT  
ȕ-actin R CAAAGTCCAGGGCAACGTAGCA  
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system containing 2 ȝL diluted cDNA, 0.4 ȝL of each 
primer (10 ȝmol/L), 10 ȝL SYBR Green Master Mix 
(2×) and 7.2 ȝL ddH2O. Non-template reaction was 
used as negative control. Thermocycling conditions 
were the standard qRT-PCR protocol according to the 
manufacturer’s instruction. Data were analyzed by the 
2-ǻǻCt method. Means and standard errors were 
calculated from three or four independent samples, 
and each sample was repeated in technical triplicate. 
RESULTS
Cloning and characterization 
Based on the sequence of Nlka-like, a full-length Nlka 
cDNA was cloned (GenBank number: KT304312). 
Sequence analysis showed that Nlka had a 1 509 bp 
open reading frame and encoded a protein with 502 
amino acid residues and 11 predicted transmembrane 
domains (TMDs) (Fig. 1). This protein was predicted 
to have the molecular mass of 54.61 kDa and the 
isoelectric point (pI) of 8.30. 
The genomic DNA sequence of Nlka was identified 
by BLASTn searching against the brown planthopper 
genome database using the full-length cDNA sequence 
of Nlka. Subsequent genomic structure analysis 
showed that Nlka contains seven exons and a large 
first intron (about 13 kb) (Fig. 2) which follows the 
GT-AG splicing rule. 
Multiple sequence analysis revealed that the predicted 
amino acid sequence of Nlka showed high identities 
with Drosophila busckii (ALC46387.1, 51.8%), 
Drosophila melanogaster (NP_001189213, 48.8%), 
and Danaus plexippus (50.1%), respectively (Fig. 
3-A). It also showed 47.1%–66.0% identities with the 
MCTs from Zootermopsis nevadensis (KDR23400), 
Habropoda laboriosa (KOC69627), Camponotus 
floridanus (EFN65757), Cerapachys biroi (EZA53034) 
and Culex quinquefasciatus (XP_001857555). The 
karmoisin from D. melanogaster (Dmka) showed 
48.2%–60.5% similarity with the MCTs from these 
insects (Fig. 3-A). Phylogenetic analysis was performed  
Fig. 1. cDNA sequences and deduced amino acid sequences of Nlka in N. lugens.
The stop codon is indicated by an asterisk. The amino acids in boxes indicate the 11 predicted transmembrane domains.  
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Fig. 2. Genomic structure of the Nlka gene in N. lugens.
Red boxes indicate the exons (1–7), and the spaces between two boxes indicate the introns (I–VI). 
Fig. 3. Analysis of deduced amino acids of Nlka and karmoisin and monocarboxylate transporter (MCT) genes in other insects.  
A, Amino acid sequence alignments; B, Phylogenetic relationship analysis.  
Nlka, Nilaparvata lugens, KT304312; Dbka, Drosophila busckii, ALC46387.1; Dmka, Drosophila melanogaster, NP_001189213; Dpka, Danaus
plexippus, EHJ77874.1; CbMCT, Cerapachys biroi, EZA53034; CfMCT, Camponotus floridanus, EFN65757; CqMCT, Culex quinquefasciatus,
XP_001857555; HlMCT, Habropoda laboriosa, KOC69627; ZnMCT, Zootermopsis nevadensis, KDR23400. 
A 
B
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by constructing a neighbor-joining (NJ) tree of karmoisin 
and MCT genes with MEGA 6.0. The rooted tree 
showed that the encoded proteins of karmoisin and 
MCT genes were evolutionarily conserved (Fig. 3-B). 
Sequence variation of Nlka between the wild type 
and mutant strains 
To determine whether the eye color of mutant is 
associated with mutations in the Nlka, sequence 
variation was analyzed. Multiple sequence comparison 
did not reveal any constant In/Del or non-synonymous 
mutation between mutant and wild type strains.  
Developmental and tissue expression 
qRT-PCR study showed that Nlka was expressed at all 
the developmental stages (the 1st, 3rd and 5th instar 
nymph, female and male adults) (Fig. 4-B). Through 
the whole life cycle, female individuals had the 
highest Nlka expression level, while male ones had the 
lowest Nlka expression level. The expression levels of 
Nlka in the 1st, the 3rd and the 5th instar nymphs were 
similar. Nlka expression was also detected at all the 
tested tissues, including body wall, ovary, fat body, 
midgut and Malpighian tubule (Fig. 4-A). 
Expression level comparison between the wild type 
and mutant strains 
Expression levels of Nlka were detected in the nymph 
and adult of mutant and wild type individuals (Fig. 5). 
In the 5th instar nymph, the Nlka transcription level in 
red-eye mutant was significantly higher than that in 
brown-eye wild type individuals. However, for the 1st 
and the 3rd instar nymphs, female and male adults, the 
expression levels of Nlka were comparable, and no 
significant differences were observed (Fig. 5).  
DISCUSSION 
N. lugens is a destructive pest of rice throughout Asia 
(Cheng, 2009). Currently, the occurrence and 
management of this insect pest have been extensively 
investigated. Unlike model insects, such as Drosophila 
and mosquito, little progress was made on this insect 
pest. Fewer BPH mutants may be a critical reason. A 
red-eye BPH mutant colony was established in our 
laboratory. As a visible genetic marker, eye color 
mutants can be used for monitoring population 
dynamics, release and capture, examining mating 
behavior (Shimizu and Kawasaki, 2001; Khanh et al, 
2005; Volkova et al, 2006; Seo et al, 2011), transgenic 
and RNAi technologies (Fabrick et al, 2004; Dong and 
Friedrich, 2005; Sethuraman and O’Brochta, 2005; 
Kobayashi et al, 2007; Colinet et al, 2014). However, 
the reasonable utilization of mutants should be based 
on the understanding of mutation mechanisms. 
Eye color is largely determined by the nature of 
A
B
Fig. 4. mRNA expression characters of Nlka in different tissues and
development stages of brown planthopper.  
A, Reverse transcription PCR amplification of Nlka from total
RNA in N. lugens; B, Relative mRNA expression levels at different
developmental stages. 
Bw, Body wall; Ov, Ovary; Fb, Fat body; Mg, Midgut; Mt,
Malpighian tubule; 1st, The first instar nymphs; 3rd, The third instar
nymphs; 5th, The fifth instar nymphs; F, Female adults; M, Male adults.
The relative expression level (fold) was expressed as mean ± SE
(n = 3). Different lowercase letters above the columns indicate the
significant differences at the 0.05 level. 
Nlka 
 
ȕ-actin 
Fig. 5. Relative expression levels of Nlka in red-eye mutant and
brown-eye wild individuals at different developmental stages.
1st, The first instar nymphs; 3rd, The third instar nymphs; 5th,
The fifth instar nymphs; F, Female adults; M, Male adults; NIL-BB,
Brown-eye wild type; NIL-rr, Red-eye mutant type. 
The relative expression level (fold) was expressed as mean ± SE
(n = 4). Asterisk above the column indicates the significant difference
at the 0.05 level. 
*
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pigments. The mutation of genes involved in pigment 
biosynthesis often leads to eye color variation. For 
example, the mutation of tryptophan 2,3-dioxygenase 
is responsible for the white-eye phenotype in T. 
castaneum (Lorenzen et al, 2002), and the vermilion- 
eye phenotype in D. melanogaster (Beadle and Ephrussi, 
1936). The mutation of kynurenine 3-monooxygenase 
results in the white-eye phenotype in B. mori and A. 
aegypti (Quan et al, 2002; Han et al, 2003). Our 
previous research indicates that red-eye mutant has 
significantly declined xanthommatin amount, which is 
only 36.3% of that in the wild type (Liu et al, 2014). 
To reveal the mutation mechanism, xanthommatin 
pathway was firstly studied. 
karmoisin is a xanthommatin-related gene, 
encoding PHS which catalyzes the condensation of 
3-hydroxykynurenine to xanthommatin (Phillips et al, 
1973; Lloyd et al, 1998; Grubbs et al, 2015). In this 
study, we cloned and characterized the karmosin 
homologue gene from N. lugens (Nlka). Nlka encodes 
a protein with 11 predicted TMDs, and showed high 
identities with other insect homologues. However, the 
second structure analysis and NCBI conserved domain 
database (CDD)-based annotation showed that Nlka 
encoding protein is a member of MCTs, which are 
known to mediate the transport of short chain 
monocarboxylates, such as lactate, pyruvate, butyrate 
and therefore participate in delivering drugs into the 
brain (Vijay and Morris, 2014). For human and rats, 
all MCTs are composed of 12 transmembrane sequences 
with a long loop between the sixth and the seventh 
TMDs (Zeng et al, 2008). Similar with mammal MCTs, 
the predicted amino acid sequences of karmoisin from 
D. melanogaster (Dmka), D. busckii (Dbka) and D. 
plexippus (Dpka) had the same secondary structure. 
Unlike mammalian homologues, some insect MCTs 
are composed of 11 TMDs, and the long loop is 
located between the fifth and the sixth TMDs, such as 
those in C. quinquefasciatus (XP_001857555), Z. 
nevadensis (KDR23400) and C. floridanus (EFN65757). 
Thus, although Nlka did not have the typical MCT 
secondary structure, it may still be a MCT. Similar 
with Nlka, the deduced proteins of the karmoisin 
genes in other insects are also homologues of MCTs. 
However, many studies have deemed that the karmoisin 
is a PHS gene (Lloyd et al, 1998; Grubbs et al, 2015). 
PHS is an enzyme used for catalyzing the oxidative 
coupling of substituted o-aminophenols to produce 
phenoxazinones. It is known for its proposed role in 
antibiotic production and is associated with the 
biosynthesis of phenoxazinone core metabolites (Le 
Roes-Hill et al, 2009). There is little sequence information 
about this enzyme. Only the genes encoding PHS from 
Streptomyces antibioticus are available in GenBank. 
Our analysis showed that they are free proteins 
without TMDs. Thus, it is reasonable to conclude that 
karmoisin may be MCT- encoding genes, rather than 
PHS-encoding genes. 
Expression analysis revealed that Nlka was 
expressed at all the developmental stages and tested 
tissues, including egg (data not shown). These results 
indicate that Nlka is not a tissue-specific or timing- 
requiring gene. Its transcription levels were compared 
between the mutant and wild type stains of BPH. 
Although the amount of Nlka transcript in the mutant 
was significantly higher than that of the wild type 
strain at the 5th instar nymph stage, there was no 
significant difference in the 1st and the 3rd instar 
nymphs, female and male adults. Since the mutated 
phenotype developed consistently from egg to adult, 
qRT-PCR results indicated that Nlka transcript level 
may not be correlated with the red-eye phenotype. 
Multiple sequence comparison revealed no constant 
In/Del or non-synonymous mutation between the 
mutated and wild type strains, suggesting that Nlka 
sequence mutations do not contribute to the red-eye 
phenotype in BPH. In sum, Nlka is not the target gene 
causing the red-eye color mutation phenotype of BPH. 
In conclusion, we have identified the karmoisin 
homologue gene from N. lugens. The red-eye phenotype 
of BPH has no tight connection with Nlka. Different 
from the previous viewpoint, Nlka may be a MCT- 
encoding gene, rather than a PHS-encoding gene, and 
so are the karmoisin genes in other insects. In future, 
the follow problems should be further studied: Fisrtly, 
whether karmoisin is an eye color-related gene? 
Secondly, whether PHS participates in xanthommatin 
biosynthesis? Thirdly, why is karmoisin mistaken for 
the PHS encoding gene? The answer to these three 
questions can contribute to understanding the eye 
color formation mechanism of BPH. 
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